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Abstract
Double	edge	notched	tension	(DENT)	specimens	of	a	polyethylene	terephthalate	(PET)	film	were	tested	in	an	universal	testing	machine,	measuring	the	displacements	and	the	ligament	lengths	with	a
digital	image	correlation	(DIC)	system.	With	these	data	the	essential	work	of	fracture	(EWF),	crack	tip	opening	displacement	(CTOD),	and	the	J-integral	fracture	methods	were	compared.	The	specimens	were
tested	in	mode	I	under	plane	stress	conditions,	verifying	that	the	crack	always	propagated	through	a	fully	yielded	ligament.	It	has	been	proved	that	we,	the	specific	essential	work	of	fracture	was	the	specific
energy	just	up	to	crack	initiation	and	has	the	same	value	that	J-integral	at	crack	initiation,	Jo.	The	relationship	of	these	parameters	with	the	CTOD	was	also	shown.	The	influence	of	the	notch	quality	on	the
fracture	behaviour	when	the	specimens	were	sharpened	by	two	different	methods,	femtosecond	laser	ablation	or	by	razor	blade	sliding,	has	also	been	analysed	in	detail.
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1	Introduction
The	ability	of	polymers	to	be	shaped	in	practically	any	form	makes	possible	to	obtain	films	which	are	mainly	used	in	the	packaging	and	agriculture	market	segments	that	accounts	for	a	39.6%	and	4.3%	of	the
plastic	global	demand,	respectively.
The	classical	tests	for	determining	the	mechanical	properties	of	polymer	films	are	well	established	and	standardized,	but	this	is	not	the	case	for	the	fracture	properties.
The	linear	elastic	fracture	mechanics	(LEFM)	approach	is	used	to	study	fractures	occurring	at	nominal	stresses	well	below	the	material	yield	stress.	The	main	hypothesis	of	LEFM	considers	that	the	dissipated
energy	is	confined	in	a	small	area	near	the	crack	tip	(small	scale	yielding),	and	the	fracture	is	brittle,	without	extensive	deformation.
The	LEFM	approach	is	not	applicable	when	the	plasticity	around	the	crack	tip	becomes	too	large;	in	those	cases	the	elastic	plastic	fracture	mechanics	(EPFM)	apply	and	CTOD	and	J-integral	are	appropriate
methods	to	characterize	fracture.	When	the	crack	propagation	occurs	through	a	highly	deformed	and	yielded	material	then	the	post-yield	fracture	mechanics	(PYFM)	can	also	be	applied	and	the	EWF	is	the	most
suitable	method.	For	ductile	polymers	where	crack	propagation	occurs	through	a	fully	yielded	ligament,	the	EWF,	the	CTOD,	and	the	J-integral	are	commonly	used.
The	EWF	is	gaining	acceptance	to	characterize	the	plane	stress	toughness	of	ductile	polymer	films	in	mode	I,	basically	using	the	double	edge	notched	tension	(DENT)	configuration.	The	widespread	use	of	the
EWF	technique	is	due	to	the	apparent	simple	DENT	specimen	preparation	and	the	simple	testing.
The	specific	work	of	fracture,	we,	becomes	an	inherent	material	parameter	only	if	the	ligament	fully	yields	before	the	crack	initiation.
In	a	previous	work	[1]	carried	out	on	an	EPBC	(ethylene-propylene	block	copolymer)	material	where	the	ligament	was	completely	yielded	before	the	onset	of	crack	initiation,	it	was	concluded	that	the	specific
work	of	fracture	was	the	energy	per	unit	of	ligament	area	just	up	to	crack	initiation,	that	is,	an	initiation	value.	This	conclusion	drives	to	the	question	of	whether	this	value	is	equivalent	to	Jo	in	plane	stress	conditions,
because	both	parameters	have	the	same	physical	meaning.	According	to	Mai	et	al.	[2]	the	essential	work	of	fracture	is	equivalent	to	the	J-integral	at	initiation,	Jo.	Although	good	numerical	agreement	has	been	usually
found	between	we	and	Jo,	it	is	still	questioned	whether	we	represents	or	not	an	initiation	value.	This	equivalence	between	we	and	Jo	has	been	apparently	assumed	in	several	articles	either	in	an	explicit	manner	[3–6],	or
in	an	implicit	way	[7–12].	It	should	be	mentioned	that	there	is	only	one	unique	clear	evidence	that	we	is	an	initiation	value,	as	has	been	demonstrated	in	a	previous	work	on	an	EPBC	film	[1].
One	of	the	aims	of	the	present	work	is	to	find	additional	evidence	that	we	is	an	initiation	value	and	therefore	study	the	relationships	between	we,	Jo	and	CTOD.	For	this	reason	a	polyethylene	terephthalate	(PET)
film,	having	very	different	mechanical	behaviour	than	the	previously	studied	EPBC,	was	used	here.	Moreover,	the	fracture	toughness	parameters	have	been	determined	on	the	same	test	data	and	on	the	same	DENT
specimens.
Another	question	which	is	still	pendant	in	the	EWF	method	are	the	variations	of	the	we	values	found	by	different	laboratories.	Bárány	et	al.	[13]	in	his	review	on	the	EWF	summarized	the	we	values	found	by
different	authors	for	different	polymers.	The	range	for	PET	films	was	between	35	and	80	kJ/m2.	Martinez	et	al.	[14]	observed	significant	differences	in	the	we	values	when	the	specimens	were	sharpened	using	the
femtosecond	laser	ablation	technique	or	by	the	classical	razor	blade	sliding	method.	The	 latter	providing	much	higher	values	than	the	former	one.	These	differences	were	explained	by	the	presence	of	plastically
deformed	material	accumulated	at	the	tip	of	the	razor	blade	sharpened	notches	in	contrast	to	the	almost	negligible	plastic	deformation	existing	at	the	tip	of	the	femtolaser	sharpened	specimens.	The	differences	in	the
we	values	were	attributed	to	differences	in	the	notch	quality	produced.	Therefore	another	aim	of	this	work	is	to	investigate	in	detail	the	effect	of	the	notch	quality	on	the	fracture	behaviour.
2	Background
The	 common	 approaches	 for	 toughness	 assessment	 in	 ductile	 polymers	 includes	 the	 J-integral,	 the	 crack	 tip	 opening	 displacement,	 and	 the	 essential	work	 of	 fracture.	 The	 theoretical	 principles	 and	 key
assumptions	of	these	methods	are	summarized	in	the	following	sections.
2.1	Essential	work	of	fracture
The	EWF	method	was	firstly	proposed	by	Cotterell	and	Reddell	[15]	after	Broberg's	work	on	stable	crack	growth	[16].	The	EWF	theory	is	based	on	the	hypothesis	that	the	total	energy,	Wf,	involved	in	the	ductile	fracture	of	a
precracked	specimen	can	be	separated	in	two	terms.
where	We,	 the	 essential	 work	 of	 fracture,	 accounts	 for	 the	 energy	 necessary	 to	 generate	 new	 crack	 surfaces	 while	Wp	 is	 called	 the	 plastic	 work	 or	 the	 non-essential	 work	 of	 fracture	 and	 includes	 all	 the	 other	 components	 of
energy	dissipated	in	the	fracture	process.
The	EWF	concept	establishes	that	the	process	zone	can	be	divided	into	an	inner	process	zone	(IPZ)	where	the	fracture	process	actually	occurs	and	an	outer	process	zone	(OPZ)	(Fig.	1).	Thus,	We	is	proportional	to	the	IPZ	area
while	Wp	is	proportional	to	the	volume	of	the	OPZ.	Using	these	considerations,	Eq.	(1)	can	be	rewritten	in	specific	terms	as	follows
where	lo	is	the	ligament	length,	t	is	the	specimen	thickness	and	β	is	a	factor	related	to	the	shape	of	the	OPZ.
(1)
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It	is	possible	to	assess	Eq.	(2)	by	performing	a	series	of	tests	on	DENT	specimens	with	different	ligament	lengths	and	plotting	the	specific	total	work	of	fracture,	wf,	values	as	a	function	of	their	ligament	lengths.	A	simple	linear
regression	analysis	 of	 this	plot	 shows	 that	 the	 specific	 essential	work	of	 fracture,	we,	 and	 the	 specific	non-essential	work	of	 fracture,	 βwp,	 are	 the	 intercept	 for	 a	 zero	 ligament	 length	and	 the	 slope	of	 the	 linear	 regression	 line,
respectively.	References	[13,17]	contain	a	detailed	description	of	the	EWF	methodology.
In	the	EWF	analysis	the	following	key	assumptions	are	taken:
(a) The	ligament	length	is	fully	yielded	prior	to	the	onset	of	crack	propagation.	Full	ligament	yielding	must	show	a	load	drop	in	the	related	load-displacement	curves	[13,18].	This	requirement	ensures	that	the	fracture	mechanism	is	the	same
irrespective	of	the	ligament	length.	However,	this	key	assumption	is	rarely	accomplished	and	in	most	of	the	published	articles	this	requirement	is	not	satisfied	and	thus	the	we	values	become	an	apparent	toughness	only	useful	for	comparison
purposes.
Plane	stress	conditions	and	full	ligament	yielding	prior	to	the	crack	initiation	are	accomplished	if	the	following	equation	is	fulfilled.
where	rp	is	the	plastic	zone	radius	and	can	be	obtained	through:
where	E	is	the	elastic	modulus,	σy	is	the	uniaxial	tensile	yield	stress,	and	we	is	the	specific	essential	work	of	fracture.
Although	Eq.	(3)	is	a	reasonable	size	criterion,	it	appears	to	be	too	restrictive	considering	the	evidences	encountered	in	amorphous	copolyesters	[13,18].For	pure	plane	stress	conditions,	another	method	is	based	on	the	Hill
criterion	[19–21]	but	does	not	ensure	full	ligament	yielding.
(b) Fracture	is	under	plane	stress	conditions.
In	order	to	meet	the	plane	stress	conditions	in	the	specimen	ligament	length	it	must	be	accomplished:
whereas	the	condition
is	necessary	to	prevent	edge	effects.
(c) Identical	sharp	notches	without	plastic	deformation	as	material	volume	accumulation	at	the	notch	tip,	and	without	thickness	increase	of	the	notch	root.	This	requirement	[18]	guarantees	the	same	value	for	the	crack	tip	opening	displacement
at	initiation	and	results	in	the	overlapping	of	the	heads	of	the	nominal	stress-displacement	and	self-similar	ligament	length-displacement	curves	for	the	specimens	having	different	ligament	lengths.
The	notch	sharpening	is	of	crucial	importance	in	obtaining	good	results.	High	values	of	we	[22]	and	up	to	three	times	higher	values	of	we	have	been	reported	[23]	for	razor	blade	sharpened	specimens	when	the	notch	tip	was
blunt	or	damaged.	With	razor	blade	sharpening	is	easy	to	generate	a	volume	accumulation	of	deformed	material,	at	the	root	of	the	sharpened	notch	[14,18,22].	This	does	not	happen	with	the	femtolaser	ablated	specimens	which	does
not	have	material	volume	accumulation	at	the	root	of	the	sharpened	notch.	The	volume	accumulation	of	plastically	deformed	material	is	small	for	low	tough	polymers	and	equal	we	values	can	be	obtained	for	the	femtolaser	and	the
razor	blade	sharpened	specimens	[18].	However,	in	the	toughest	polymers	the	razor	blade	sharpening	can	originate	a	large	volume	accumulation	of	material	at	the	notch	root,	resulting	higher	values	of	we	compared	with	the	femtolaser
sharpened	specimens	[14].
There	are	few	recent	published	articles	that	include	the	notch	tip	radii,	but	in	references	[14,18,22,24,25]	radii	less	than	5	μm	were	given.	Williams	and	Rink	[23]	recommended	a	notch	tip	radius	equal	or	lesser	than	15	μm,
Fig.	1	DENT	specimen	geometry.
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but	decreasing	the	notch	tip	radius	the	we	value	seems	to	be	reduced	[22]	and	a	notch	tip	radius	lesser	than	5	μm	is	recommended	by	us.
2.2	The	J-integral
An	important	concept	used	in	cases	of	nonlinear	elastic	behaviour	of	a	crack	embedded	in	a	material	is	the	J-integral.	Cherepanov	[26]	and	Rice	[27]	independently	developed	this	concept	using	a	path-independent	integral	to
show	a	way	to	calculate	the	energy	release	rate	per	unit	area	of	the	crack	surface	that	is	created.	In	simple	terms,	the	J-integral	can	be	expressed	as	follows
where	U	is	the	energy	dissipated	in	the	fracture	of	the	specimen	until	a	given	constant	displacement,	d,	and	a	is	the	crack	length.
There	are	several	approaches	for	evaluating	the	J-integral	[28]	but	for	the	sake	of	simplicity,	the	Begley	and	Landes	experimental	method	[29]	will	be	used	here	because	it	can	directly	be	applied	to	the	data	registered	during
the	testing	of	the	DENT	specimens.
2.3	The	crack	tip	opening	displacement,	CTOD
Another	important	fracture	mechanics	concept	first	proposed	by	Wells	[30]	is	the	crack	tip	opening	displacement.	This	method	is	used	to	determine	a	fracture	mechanics	parameter	for	ductile	materials.	It	essentially	measures
the	resistance	of	a	material	to	the	propagation	of	a	crack.
Hashemi	and	O'Brien	[11]	applied	to	DENT	specimens	a	method	for	obtaining	the	critical	crack	tip	opening	displacement	CTODc	(CTOD	value	at	the	onset	of	crack	propagation).	Under	plane	stress	condition	the	following	linear
relationship	exists
where	dr	is	the	displacement	at	rupture	and	α	is	the	propagation	contribution	to	the	displacement.	Eq.	(9)	allows	the	CTODc	determination	by	plotting	the	displacement	at	rupture	as	a	function	of	the	ligament	length.
The	Shih	analysis	[31]	shows	that	there	is	a	unique	relationship	between	Jo	(J	value	at	the	onset	of	crack	propagation)	and	the	critical	value	of	the	crack	tip	opening	displacement	(CTODc).	For	a	non-hardening	material	in	plane
stress	and	assuming	that	the	stress	in	the	plastic	zone	is	σy	then
3	Material	and	specimen	preparation
This	study	was	conducted	on	a	transparent	semi-crystalline	thermoplastic	polyethylene	terephthalate	(PET)	film	with	low	level	of	crystallinity.	The	material	was	kindly	supplied	by	Nudec	(Spain)	in	the	form	of
A4	sheets	with	a	thickness	of	0.5	mm.PET	is	slightly	hygroscopic	and	the	sheets	have	the	water	absorption	at	saturation,	0.1–0.2%.
Differential	scanning	calorimetry	(DSC)	measurements	were	conducted	on	a	Q2000	equipment	from	TA	instruments.	The	samples	were	heated	from	30	to	270	°C	at	a	scanning	rate	of	10	°C/min.	The	DSC	test
revealed	a	glass	transition	temperature	(Tg)	at	73.88	°C,	a	melting	temperature	(Tm)	at	245.11	°C,	and	a	crystallinity	(Xc)	of	6.06%.Two	kinds	of	specimens	were	prepared,	dumbbell	shaped	and	DENT	specimens.
Dumbbell	shaped	test	specimens	were	obtained	in	a	cutting	press	with	the	shape	and	dimensions	of	the	type	V	(ISO	527-3).	The	deformation	behaviour	was	obtained	by	testing	the	dumbbell	shaped	specimens.
The	Young's	modulus,	E,	the	uniaxial	tensile	yield	stress,	σy,	and	the	Poisson's	ratio,	ν,	were	determined	according	to	the	guidelines	established	in	the	ISO	527	standard.
The	DENT	 specimens	were	used	 to	perform	 the	 fracture	 tests.	 PET	 films	were	 cut	 into	 rectangular	 coupons	60	mm	wide	×	90	mm	 long	 (Fig.	 1).	 Pre-notches	were	machined	 in	 the	 rectangular	 coupons,
obtaining	samples	with	different	ligament	lengths,	lo,	varying	from	5	to	20	mm.	The	sharpening	of	the	pre-notches	was	carried	out	using	two	different	methods,	delivering	two	sets	of	DENT	specimens	to	perform
fracture	testing.
In	one	set	of	20	specimens,	the	notch	sharpening	was	done	through	the	femtosecond	laser	ablation.	The	femtosecond	laser	used	here	employs	a	commercial	Ti:	sapphire	oscillator	(Tsunami,	Spectra	Physics)
and	is	based	on	the	chirped	pulse	amplification	technique.	To	effectuate	the	notch	sharpening	the	laser	system	produced	120	fs	pulses	around	795	nm	at	a	repetition	rate	of	1	kHz.	The	scanning	speed	was	set	to
130	μm/s	with	a	pulse	energy	of	0.07	mJ	and	8	passes	of	the	laser	beam.
The	high-intensity	 femtosecond	 laser	 pulses	 directly	 transform	 the	polymer	material	 from	 the	 solid	 phase	 to	 the	 vapour/plasma	phase	 (ablation	process)	with	 little	 heat	 transfer	 and	 avoiding	melted	 and
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deformed	material	at	the	root	of	the	notch	tip.	In	this	manner	the	local	plastic	deformation	generated	at	the	crack	tip	is	practically	negligible.
The	second	set	of	30	specimens	was	sharpened	by	manually	sliding	a	fresh	steel	razor	blade	across	of	the	machined	pre-notch,	as	the	usual	generalized	way	to	sharpen	polymer	film	specimens.	Only	one	pass
of	the	razor	blade	was	applied	in	order	to	assure	that	the	sharpened	extension	follow	the	same	path.	This	technique	was	carried	out	manually	by	a	highly	skilled	operator.
4	Experimental	details
All	tests	were	carried	out	in	a	Zwick	servo-hydraulic	testing	machine	fitted	with	a	two	camera	digital	image	correlation	(DIC)	system	(GOM,	Germany).
The	DIC	technique	requires	surfaces	with	high	contrast	to	avoid	image	distortion	and	therefore	inaccurate	data.	Hence,	after	sharpening	and	before	testing,	one	surface	of	each	transparent	DENT	specimen
was	covered	with	a	thin	white	coating	before	being	sprayed	to	obtain	black	points	as	required	by	the	DIC	system.	The	tests	were	performed	at	23	±	1	°C	of	temperature,	and	at	a	crosshead	speed	of	1	mm/min.	To
study	the	deformation	behaviour,	the	strain	was	measured	by	the	DIC	system	with	the	Aramis	software	(GOM,	Germany).
The	DENT	specimens	were	loaded	in	the	testing	machine	until	complete	failure.	Using	the	DIC	system	images	of	each	test	were	recorded	for	a	later	study	of	crack	behaviour.	Images	were	also	analysed	with
the	Aramis	software	for	measuring	the	deformation	and	ligament	length	evolution	during	the	test	event.	With	the	registered	loads,	displacements	and	ligament	lengths	it	was	possible	to	apply	the	EWF,	CTOD	and	J-
integral	fracture	techniques	on	the	same	specimens.
Two	sets	of	data	were	registered,	load	as	a	function	of	displacement,	and	ligament	length	as	a	function	of	the	displacement.
Unfortunately,	the	large	deformation	which	occurs	in	the	blunting	step	during	the	test	causes	the	loss	of	the	sprayed	coating	at	the	root	of	the	notch	and	the	strain	field	at	the	onset	of	crack	initiation	cannot	be
observed.
5	Results	and	discussion
5.1	Deformation	behaviour
The	uniaxial	tensile	yield	stress	(σy),	modulus	(E),	and	the	Poisson′s	ratio	(ν)	of	the	PET	material	were	measured	on	the	dumbbell	shaped	specimens.
The	tensile	stress-strain	curves,	represented	in	Fig.	2,	show	an	extensive	amount	of	plastic	deformation.	A	yield	point	(maximum	load)	can	be	seen	where	necking	starts,	followed	by	a	sudden	load	drop	where	the	neck	develops.
Afterwards,	there	is	a	drawing	of	the	necked	region	(cold	drawing)	during	which	the	tensile	deformation	continued	at	a	constant	stress	level	(engineering	flow	stress).
The	results	obtained	from	the	tensile	test	are:	E	=	2.64	±	0.02	GPa,	σy	=	58.61	±	2.05	MPa,	σfs	(engineering	flow	stress)	=	37.37	±	1.48	MPa,	and	ν	=	0.40	±	0.01.
5.2	Notch	quality
In	one	set	of	DENT	specimens	the	machined	pre-notch	was	extended	by	the	application	of	the	non-contact	femtosecond	laser	ablation	technique.	The	sharpened	notches	of	three	specimens	were	observed	in	a	scanning	electron
Fig.	2	Uniaxial	stress-strain	curves.
microscope	(SEM).	All	the	SEM	micrographs	were	similar	to	the	image	shown	in	Fig.	3,	having	an	average	sharpening	extension	of	300	μm	and	a	crack	tip	radius	of	1	μm,	both	values	showing	very	small	deviations.	Negligible	thermal
damage	and	plastic	deformation	at	the	crack	tip	was	observed.
In	the	second	set	of	DENT	specimens,	the	pre-notch	was	extended	by	the	traditional	contact	method	of	sliding	a	fresh	razor	blade	across	the	pre-notch	tip	performed	in	a	single	pass.	The	sharpened	notches	of	three	specimens
were	also	observed	by	SEM.	Fig.	4a	and	b	shows	 the	micrographs	of	 the	 two	notches	of	 the	same	DENT	specimen.	Although	both	exhibit	 some	plastic	deformation	at	 the	notch	root,	 the	quality	of	 the	 two	notches	 is	different.	 In
Fig.	4b	a	small	volume	accumulation	of	deformed	material	at	the	crack	tip	induced	by	the	compressive	component	of	the	sideways	sliding	force	can	be	observed	whereas	this	feature	is	not	observed	in	Fig.	4a.	This	feature	depends	on
the	operator	skill	during	the	razor	blade	sharpening	[14,18].	The	material	volume	accumulation	seems	to	be	larger	for	the	toughest	polymers	[14,22].	A	rising	in	the	thickness	at	the	notch	root	is	caused	by	the	volume	accumulation.	In
comparison	to	the	femtolaser	sharpened	notches,	the	SEM	analysis	of	the	razor	blade	notches	yields	slightly	different	sharpening	depths	and	similar	crack	tip	radii,	but	different	levels	of	plastic	deformation.	The	razor	blade	sliding
sharpening	method	generates	notches	of	different	quality	which	are	strongly	dependent	on	the	operator	skill.
The	SEM	observations	of	the	sharpened	notches	needed	the	destruction	of	the	specimens	and	unfortunately	they	could	not	be	tested.
Fig.	3	SEM	micrograph	of	femtolaser	sharpened	notch.
Fig.	4	SEM	micrographs	of	razor	blade	sharpened	notches:	(a)	Plastic	deformation	at	the	crack	tip,	(b)	Plastic	accumulation	at	the	crack	tip.
5.3	DENT	test
Each	set	of	DENT	specimens	was	tested	in	mode	I.	The	load	was	registered	by	the	universal	testing	machine	and	the	displacements	by	the	DIC	system.	The	original	ligament	lengths,	lo,	were	measured	after	testing	using	an
optical	microscope.	The	displacements	were	obtained	by	taking	as	a	reference	two	points	closely	located	to	the	sharpened	notch,	and	also	considering	that	the	OPZ	zone	must	be	contained	between	these	two	points	as	shown	in	Fig.	5.
The	load	versus	displacement	curves	are	represented	in	Fig.	6a	and	b	for	the	femtolaser	and	for	the	razor	blade	sharpened	sets	of	specimens,	respectively.
Fig.	5	Scheme	of	test	evolution	in	a	DENT	specimen.
The	frames	collected	by	the	DIC	system	were	also	processed	by	the	Aramis	software	and	the	obtained	data	of	the	ligament	length	as	a	function	of	the	displacement	are	represented	in	Fig.	7a	and	b.
Fig.	6	Load-displacement	data:	(a)	Femtolaser	sharpened	specimens,	(b)	Razor	blade	sharpened	specimens.
Of	the	set	of	20	specimens	sharpened	by	femtolaser,	3	specimens	were	used	for	SEM	observation.	The	remaining	17	specimens	were	tested.	Figs.	6a	and	7a	represent	the	14	specimens	with	lo	smaller	than	2rp.
From	the	set	of	30	specimens	sharpened	with	a	razor	blade,	3	specimens	were	used	for	SEM	observation.	The	remaining	27	specimens	were	tested,	4	specimens	with	lo	greater	than	2rp	were	discarded	and	are	not	represented
in	Figs.	6b	and	7b.	In	these	figures	there	are	some	slightly	crossing	curves,	but	we	are	not	able	to	distinguish	between	them,	these	specimens	showed	the	simultaneous	crack	propagation	of	both	notches.
In	other	6	razor	blade	sharpened	specimens	the	curves	load	versus	displacement	and	ligament	length	versus	displacement	also	show	crossing	curves	(do	not	accomplish	self-similarity),	for	this	reason	are	discarded	and	are	not
represented	in	Figs.	6b	and	7b.	A	careful	observation	of	the	frames	stored	by	the	DIC	system	showed	that	in	these	6	razor	blade	sharpened	specimens,	the	two	notches	of	the	same	specimen	did	not	propagate	simultaneously.	This
effect	is	attributed	to	differences	between	the	two	notches.	It	should	be	mentioned	that	this	behaviour	was	not	observed	in	the	femtolaser	sharpened	specimens	which	exhibited	simultaneous	crack	propagation	in	both	notches.
5.4	Essential	work	of	fracture
The	numerical	integration	of	the	load-displacement	plots	of	Fig.	6a	and	b	yields	the	work	of	fracture,	Wf.	The	specific	work	of	fracture	wf	is	found	when	the	work	of	fracture	is	divided	by	the	area	of	the	original	ligament	surface.
In	Fig.	8a	and	b	the	specific	work	of	fracture	is	plotted	as	a	function	of	the	original	ligament	length	by	the	femtolaser	and	the	razor	blade	sharpened	specimens,	respectively.	After	applying	a	linear	regression,	the	intercept	at	the	origin
gives	the	we	value,	being	βwp	the	slope	as	indicated	by	Eq.	(2).
Fig.	7	Tracking	of	the	ligament	length	during	fracture	testing:	(a)	Femtolaser	sharpened	specimens,	(b)	Razor	blade	sharpened	specimens.
Once	the	specific	work	of	 fracture,	 the	uniaxial	 tensile	yield	stress,	and	the	elastic	modulus	were	obtained,	the	radius	of	the	plastic	zone	can	be	calculated	using	Eq.	(4).	From	this	equation	it	results	2rp	≈	18	mm,	 so	 the
specimens	with	 ligament	 lengths	 larger	than	18	mm	were	eliminated	 in	the	data	of	Figs.	6	and	7	 for	both	sets	of	sharpened	specimens.	Since	Eqs.	 (6)	and	 (7)	are	also	accomplished,	 the	key	assumptions	of	 the	EWF	analysis	are
satisfied.	Plane	stress	conditions	and	complete	ligament	yielding	prior	to	the	onset	of	crack	growth	occurred	and	thus	we	is	an	inherent	material	property.	The	we	obtained	values	of	60.23	and	58.33	kJ/m2	for	femtolaser	and	razor	blade
sharpened	specimens,	respectively;	agree	well	with	some	of	the	previous	published	results	[5,32].	Standard	errors	of	the	intercepts	were	8.90	and	6.55	for	the	femtolaser	and	razor	blade	set	of	specimens,	respectively.
Martinez	et	al.	[1]	introduced	a	new	plot	which	may	be	useful	to	clarify	the	EWF	analysis.	If	the	load	in	Fig.	6	is	divided	by	its	initial	ligament	area,	a	nominal	stress	versus	displacement,	σn-d,	representation	can	be	obtained.
These	new	plots	are	represented	 in	Fig.	9a	and	b	 for	 the	 femtolaser	and	 the	 razor	blade	sharpened	specimens,	 respectively.	A	 set	of	overlapping	curves	 (heads)	can	be	observed	 in	 the	 low	displacement	 range	up	 to	a	 fairly	well
recognizable	displacement	value,	di,	from	which	the	curves	(tails)	start	to	diverge.	The	hatched	area	under	the	σn-d	curves	is	equal	to	the	we	values	of	60.23	and	58.33	kJ/m2	for	the	femtolaser	and	the	razor	blade	sharpened	specimens,
respectively.	This	hatched	area	begins	at	d	=	0	until	the	displacement	di,	where	the	crack	initiation	begins.	When	the	displacements	are	larger	than	di	then	there	is	crack	propagation	and	the	curves	depart	from	each	other.
Fig.	8	Essential	work	of	fracture	plot:	(a)	Femtolaser	sharpened	specimens,	(b)	Razor	blade	sharpened	specimens.
From	the	observation	of	Fig.	9a	and	b,	the	crack	initiation	displacement	di,	and	the	crack	initiation	stress	σi	can	be	identified.	The	hatched	area	represents	the	specific	energy	up	to	crack	initiation,	and	then	we	corresponds	to
an	initiation	specific	energy.	In	other	words,	it	represents	the	energy	per	surface	unit	required	to	create	two	new	surfaces	in	a	cracked	body	submitted	to	an	external	load.	An	identical	behaviour	was	previously	found	in	other	polymer
films	[1,18].
It	is	important	to	remark	that	the	heads	of	the	σn-d	curves	closely	resemble	those	of	the	uniaxial	tensile	tests	displayed	in	Fig.	2,	including	the	stress	drop	characteristic	of	necking.	The	average	of	the	maximum	nominal	stress
is	basically	equal	to	σy	and	σi	is	also	almost	equal	to	the	engineering	flow	stress,	σfs.
In	the	uniaxial	tensile	test,	curve	overlapping	occurs	if	the	distance	between	the	displacement	reference	points	is	constant	for	all	the	specimens	and	yielding	occurs	between	the	above	mentioned	reference	points.	The	same
behaviour	is	observed	for	the	heads	in	Fig.	9a	and	b.
In	the	DENT	tests,	the	displacements	are	measured	using	as	a	reference	two	points	closely	located	to	the	initial	sharpened	notch	and	such	that	the	OPZ	zone	is	contained	inside.	The	distance	between	these	reference	points
was	 taken	constant	 for	 all	 specimens.	 In	 this	way	 the	elastic	 and	viscoelastic	 contributions	due	 to	 the	bulk	polymer	 located	outside	 the	 fracture	process	 are	negligible.	These	 contributions	affect	both	 the	displacements	 and	 the
energies.	The	slopes	βwp	of	the	essential	work	of	fracture	plots	(Fig.	8a	and	b)	are	practically	identical,	16.04	and	14.18	with	standard	errors	of	0.74	and	0.55	for	the	femtolaser	and	razor	blade	sharpened	specimens,	respectively.	The
slopes	do	not	depend	of	the	notch	sharpening	method,	as	it	has	been	found	in	other	polymers	[1,14,18],	but	the	slope	vary	when	the	distance	between	the	displacement	reference	points	is	changed	[14].
A	larger	number	of	tested	specimens	can	reduce	the	slope	and	intercept	standard	errors.	More	than	20	specimens	have	been	recommended	[23].
In	Fig.	5	the	sequence	of	events	leading	to	the	fracture	of	the	DENT	specimens	are	schematized.	The	process	begins	with	the	opening	and	blunting	of	the	notch	and	the	yielding	and	necking	of	the	ligament	area,	followed	by
crack	initiation	and	propagation	until	complete	fracture.	Prior	to	crack	initiation	onset	there	is	an	increment	of	the	crack	length	Δab	due	to	blunting,	being	lwe	the	remaining	ligament	length	to	be	fractured.
The	frame	shown	in	Fig.	10,	which	represents	point	A	in	Fig.	9a	is	clearly	indicative	of	full	ligament	yielding	before	crack	initiation.	The	plastic	zone	is	wedge-shaped	and	very	narrow,	which	is	consistent	with	a	linear	plastic
zone	(Eq.	(4)).	These	observations	were	similar	in	all	valid	specimens.
Fig.	9	σn	–	d	curves:	(a)	Femtolaser	sharpened	specimens,	(b)	Razor	blade	sharpened	specimens.
The	plastic	deformation	in	front	of	the	crack	tip	may	cause	a	reduction	in	we	because	during	the	crack	tip	blunting	less	amount	of	energy	may	be	necessary.	This	fact	can	explain	the	slightly	lesser	we	value	obtained	for	the
razor	blade	sharpened	specimens	in	comparison	with	the	femtolaser	one.	In	tough	materials	a	volume	accumulation	of	plastically	deformed	material	at	the	crack	tip	is	possible	[14]	as	is	shown	in	Fig.	4b,	resulting	in	a	local	increase	of
the	crack	tip	surface.	Then	if	the	crack	initiates	when	σi	is	reached,	a	large	local	load	value	will	be	necessary	for	those	notches	having	volume	accumulation	and	also	di	will	be	increased,	resulting	in	a	global	increase	in	the	fracture
energy.	This	is	a	plausible	explanation	for	the	anomalous	behaviour	observed	in	some	of	the	razor	blade	sharpened	specimens	that	do	not	show	simultaneous	propagation	of	the	two	notches	of	the	same	specimen.
A	good	way	to	elucidate	the	validity	of	a	tested	specimen	is	the	observation	of	the	overlapping	in	the	heads	of	the	σn-d	plot	(Fig.	9)	and	not	crossing	curves	in	the	ligament	length	versus	displacement	plot	(Fig.	7).	After	this
analysis,	which	eliminated	the	specimens	with	bad	quality	notches,	the	we	values	for	both	sets	of	sharpened	specimens	were	virtually	identical.
The	crack	propagation	can	be	analysed	as	well.	When	the	ligament	is	completely	yielded	and	necked	then
where	P	is	the	load.	The	derivative	yields
then	a	linear	dependence	of	the	load	P	with	the	crack	length	is	predicted,	being	the	slope	equal	to	 .
According	to	Fig.	5	the	crack	length	is
Therefore,	combining	Figs.	6	and	7	with	Eq.	 (13),	 it	 is	possible	 to	 represent	 the	 load	as	a	 function	of	 the	crack	 length	 for	 the	 tails,	 as	 shown	 in	Fig.	11a	 for	 the	 femtolaser	and	 in	Fig.	11b	 for	 the	 razor	 blade	 sharpened
specimens.	In	these	plots,	the	linear	dependence	can	be	clearly	observed	and	from	the	slopes	the	σi	values	of	39.68	and	37.94	MPa	are	obtained.	These	values	agree	well	with	the	σi	values	shown	in	Fig.	9a	and	b.	All	the	propagations
followed	 the	 same	 trends	 except	 at	 higher	 crack	 lengths,	 close	 to	 the	 complete	 fracture,	where	 the	 slope	 and	hence	σi	were	 found	 to	 increase	 probably	 as	 a	 consequence	 of	 orientation	 hardening.	 The	 slopes	 in	Fig.	 11a	 and	 b
correspond	to	femtolaser	and	razor	blade	sets	of	specimens.	This	means	that	the	propagation	stage	does	not	depend	on	the	notch	quality,	justifying	the	equal	values	found	for	the	slope	βwp	in	the	femtolaser	and	razor	blade	sharpened
sets	of	specimens.
Fig.	10	Frame	of	a	sprayed	DENT	accounting	for	the	point	A	in	Fig.	9a.
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In	Fig.	12	the	specific	energy	versus	the	crack	length	for	the	femtolaser	sharpened	specimens	is	represented.	The	curves	are	obtained	as	follows.	For	each	crack	length	value,	a,	the	corresponding	li	value	is	obtained	(Eq.	(13)).
For	each	li	 the	corresponding	displacement,	d,	can	be	found	in	Fig.	7a.	Finally	the	specific	energy	is	obtained	by	numerical	 integration	of	the	curves	shown	in	Fig.	9a	up	to	the	above	mentioned	displacement	d.	This	procedure	 is
repeated	for	increasing	a	values	and	for	each	specimen.
In	Fig.	12	it	can	be	observed	that	there	is	not	a	unique	curve	but	the	termination	points	indicate	a	linear	dependence	with	lo.	In	the	termination	points,	lo	is	equivalent	to	Δa	at	complete	fracture.	The	regression	line	is	the	same
which	was	found	in	the	EWF	plot	(Fig.	8a).
The	crack	length	increment	due	to	blunting	just	prior	to	crack	initiation	(Fig.	5)	is	given	by
Fig.	11	Tails	of	load	versus	crack	length:	(a)	Femtolaser	sharpened	specimens,	(b)	Razor	blade	sharpened	specimens.
Fig.	12	Specific	energy	as	a	function	of	the	crack	length	for	femtolaser	set	of	specimens.
(14)
when	representing	lwe	as	a	function	of	lo	a	 linear	dependence	exists.	The	 intercept	 is	−Δab	and	the	slope	is	equal	to	1.	From	the	lwe	values	taken	from	Fig.	7a	and	b,	 the	plots	of	 lwe	versus	 lo	are	represented	 in	Fig.	13a	 and	 b	 for
the	femtolaser	and	the	razor	blade	sharpened	specimens,	respectively.	Both	sets	of	specimens	had	a	slope	of	1	and	the	Δab	values	were	1.15	and	1.23	mm.
If	the	increment	of	crack	length	just	prior	to	crack	initiation	Δab	is	introduced	in	Fig.	12,	a	coincidence	between	the	specific	initiation	energy	and	we	is	again	found.
5.5	Crack	tip	opening	displacement
In	DENT	specimens	under	plane	stress	conditions,	the	critical	value	of	the	crack	tip	opening	displacement,	CTODc,	that	is	the	CTOD	value	at	initiation	has	been	identified	[2,11,33]	as	the	intercept	of	the	linear	relationship
between	the	displacement	at	rupture,	dr,	and	the	original	ligament	length	lo	(Eq.	(9)).
Eq.	(9)	is	only	valid	when	there	is	no	displacement	contribution	of	the	outside	part	of	the	OPZ	zone.
Fig.	14a	and	b	shows	the	displacements	at	rupture	versus	lo	for	the	femtolaser	and	razor	blade	sharpened	specimens.	Clearly	there	is	a	linear	relationship	in	the	plots,	resulting	in	a	CTODc	value	of	1.50	mm	for	both	sets	of
specimens,	which	as	expected	is	coincident	with	the	di	values	shown	in	Fig.	9a	and	b.
Fig.	13	Determination	of	the	crack	length	at	blunting:	(a)	Femtolaser	sharpened	specimens,	(b)	Razor	blade	sharpened	specimens.
5.6	J-integral
The	Begley	and	Landes	[29]	method	for	the	determination	of	the	J-integral	is	based	on	Eq.	(8)	and	requires	graphical	assessment	of	dU/tda	at	a	constant	displacement.
This	experimental	method	is	divided	in	two	steps.	The	first	step	consists	of	the	graphical	representation	of	the	energy	divided	by	the	specimen	thickness	as	a	function	of	the	crack	length	at	a	fixed	displacement.	The	method
consists	of	taking	a	constant	displacement	value	d,	in	Fig.	7,	where	a	unique	li	value	is	found	for	each	specimen.	By	using	Eq.	(13)	each	li	value	is	transformed	into	a	crack	length	value.	The	energy	U	is	found	by	numerical	integration	of
the	load	up	to	the	selected	constant	displacement	value	d	in	Fig.	6.	The	process	is	repeated	by	the	adequate	selection	of	new	displacements.	This	graphical	representation	is	shown	in	Fig.	15a	and	b	for	both	sets	of	specimens.	The
points	belonging	to	the	same	displacement	show	linearity	and	can	be	fitted	by	a	straight	line.	Following	Eq.	(8)	the	resultant	slope	from	the	regression	line	is	–J.
Fig.	14	Displacement	at	rupture	versus	lo:	(a)	Femtolaser	sharpened	specimens,	(b)	Razor	blade	sharpened	specimens.
The	second	step	consists	of	the	representation	of	the	J	values	versus	displacement	as	illustrated	in	Fig.	16a	and	b	for	both	set	of	specimens.
Fig.	15	Input	energy	divided	by	thickness	versus	crack	length:	(a)	Femtolaser	sharpened	specimens,	(b)	Razor	blade	sharpened	specimens.
Following	Hodgkinson	and	Williams	[34],	the	total	energy	U	for	a	non-work	hardening	full	yielding	of	the	ligament	is
which	combined	with	Eq.	(11)	results	in
U/t	is	thus	a	linear	function	with	the	crack	length	at	a	constant	fixed	displacement,	and	is	verified	in	Fig.	15a	and	b.
If	Eq.	(8)	is	combined	with	Eq.	(16)	the	following	expression	is	obtained
From	the	slopes	of	the	regression	lines	in	Fig.	15a	and	b,	and	from	the	slopes	in	Fig.	16a	and	b,	the	verification	of	Eq.	(17)	for	both	sets	of	specimens	 is	confirmed.	The	σi	 results	match	reasonably	well	with	the	σi	values
obtained	before,	taking	into	account	the	experimental	variability	and	the	involved	large	data	treatment.
The	J	value	at	crack	initiation,	Jo,	is	obtained	by	introducing	the	CTODc	in	the	J-integral	curves	as	shown	in	Fig.	16.	The	resulting	values	of	63.15	and	57.29	kJ/m2	match	well	with	the	we	values	of	60.23	and	58.33	kJ/m2	for	the
femtolaser	and	razor	blade	sharpened	specimens,	respectively.
Eq.	(10)	shows	the	relationship	between	Jo	and	CTODc.	In	a	completely	yielded	and	necked	material	the	stress	in	the	plastic	zone	is	σi,	then	Eq.	(10)	should	be	modified	as	follows
In	the	present	study	this	relationship	is	completely	fulfilled.	Moreover,	our	analysis	shows	a	complete	relation	between	we,	Jo,	and	CTODc.
6	Conclusions
Fig.	16	J-integral:	(a)	Femtolaser	sharpened	specimens,	(b)	Razor	blade	sharpened	specimens.
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In	this	work	it	has	been	demonstrated	that	the	quality	of	the	notches	has	a	strong	influence	on	the	repeatability	of	the	DENT	fracture	test.	Main	reason	justifying	different	behaviour	between	razor	blade
sharpened	specimens	is	the	plastic	accumulation	of	material	at	the	crack	tip,	resulting	in	a	higher	we	if	these	specimens	are	not	discarded.	Moreover,	the	razor	blade	sharpening	of	the	specimens	causes	differences	in
the	quality	of	notches	in	the	same	or	between	different	specimens,	resulting	in	a	loss	of	the	self-similarity	in	both	the	load	and	the	ligament	length	versus	displacement	curves.	These	differences	are	most	noticeable	in
the	toughest	materials	where	it	is	easier	to	generate	a	large	accumulation	of	deformed	material,	which	results	in	a	rise	of	the	thickness	at	the	crack	tip.	Different	operators	can	yield	different	levels	of	material	volume
accumulation	at	the	notch	tip	and	this	is	the	decisive	factor	for	the	scatter	and	for	the	reproducibility.	Plotting	(σn-d)	and	(li-d)	could	be	an	appealing	way	for	eliminating	the	specimens	having	anomalous	behaviour	due
to	their	poor	notch	quality.
The	femtosecond	ablation	laser	technique	generates	repeatable	sharp	notches,	with	similar	extensions	and	notch	tip	radius	without	plastic	deformation,	resulting	more	adequate	than	the	razor	blade	sliding
technique,	especially	for	the	fracture	study	of	the	toughest	polymer	films.
The	use	of	the	DIC	system	has	allowed	the	successful	application	of	the	EWF,	CTOD,	and	J-integral	techniques	over	a	unique	set	of	specimens,	resulting	in	a	complete	relationship	between	we,	Jo,	and	CTODc.
In	this	work	on	the	fracture	of	a	PET	film,	it	is	demonstrated	that	we	is	the	energy	per	unit	ligament	surface	just	up	to	crack	initiation,	that	is,	an	initiation	value.	The	we	and	Jo	values	are	coincident	and	it	is
confirmed	that	we	is	equivalent	with	Jo	in	plane	stress	when	the	ligament	is	completely	yielded	before	the	crack	initiation	onset.	we	and	Jo	have	the	same	conceptual	meaning	and	are	inherent	material	properties.	This
is	not	the	case	for	materials	where	the	ligament	is	not	completely	yielded	before	the	crack	initiation	onset.
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Highlights
• The	notch	quality	affects	the	repeatability	and	reproducibility	of	the	DENT	test.
• The	femtolaser	is	the	best	method	for	the	notch	sharpening	of	polymer	films.
• we	is	the	specific	energy	just	up	to	crack	initiation.
• It	is	confirmed	the	equivalence	between	Jo	and	we.
